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MODELING AND SIMULATION OF HIGH SPEED MILLING CENTERS 
DYNAMICS  
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Abstract 

+LJKVSHHGPDFKLQLQJLVDPLOOLQJRSHUDWLRQLQLQGXVWULDOSURGXFWLRQRIDHURQDXWLFSDUWVPROGVDQGGLHV7KHSDUWVSURGXFWLRQLV
EHLQJUHGXFHGEHFDXVHRI WKHVORZLQJGRZQRI WKHPDFKLQLQJUHVXOWLQJIURPWKH WRROSDWKGLVFRQWLQXLW\PDFKLQLQJVWUDWHJ\ ,Q
WKLVDUWLFOHZHSURSRVHDVLPXODWLRQWRRORIWKHPDFKLQHG\QDPLFEHKDYLRULQFRPSOH[SDUWVPDFKLQLQJ)RUGRLQJWKLVDQDO\WLF
PRGHOV KDYH EHHQ GHYHORSHG H[SUHVVLQJ WKH FXWWLQJ WRRO IHHG UDWH $IWHUZDUGV D VLPXODWLRQ PHWKRG EDVHG RQ QXPHULFDO
FDOFXODWLRQ WRROV KDV EHHQ VWUXFWXUHG ,Q RUGHU WR YDOLGDWH RXU DSSURDFK ZH KDYH FRPSDUHG WKH VLPXODWLRQ UHVXOWV ZLWK WKH
H[SHULPHQWDORQHVIRUWKHVDPHH[DPSOHV

1. Introduction 

+LJK VSHHG PLOOLQJ KDV YHU\ LQWHUHVWLQJ FKDUDFWHULVWLFV LQ WKH VFRSH RI WKH UHDOL]DWLRQ RI KLJK TXDOLW\
PHFKDQLFDOSDUWV LQDXWRPRELOH LQGXVWU\DQGDHURQDXWLFV 72851,(5HWDO7KHFRPSOH[SDUWV
PDFKLQLQJLQKLJKVSHHGPLOOLQJ+60DOORZVWRWDNHRIIWKHPD[LPXPPDWHULDOLQWKHPLQLPXPWLPH
%/$1&+$5'HWDO7KHJHRPHWULFDOVKDSHLQIOXHQFHVWKHWUDMHFWRULHV7KHODWWHUFKDUDFWHUL]HG
E\VSHHGVDQGDFFHOHUDWLRQVZLOOEHWUHDWHGE\WKH1XPHULFDO&RQWUROOHG8QLW1&8DQGZLOOHQJDJHD
FHUWDLQLPSUHFLVLRQPDFKLQHEHKDYLRU0215($/HWDO7KXVWKHG\QDPLFPRGHOLQJEHFRPHV
DQHFHVVLW\IRUWKHPDFKLQLQJRSWLPL]DWLRQ7$3,(HWDO

5HFHQW VWXGLHVKDYHEHHQ LQWHUHVWHG LQ WKH+60PDFKLQHVEHKDYLRUPRGHOLQJ IRUSRFNHWVDQGFRPSOH[
VKDSHVPDFKLQLQJ0215($/HWDODQG7$3,(HWDOKDYHWUHDWHGWKHLQIOXHQFHRIWKH
WRRO WUDMHFWRU\ XSRQ WKHPDFKLQLQJ WLPH LQ+600RUHRYHU'XJDV  DQG 3DWHORXSHW DO 
KDYHLQWHJUDWHGWKHG\QDPLFPRGHOLQJRI+60PDFKLQHVE\MXVWLI\LQJWKHYDULDWLRQDSSOLHGWR WKHIHHG
UDWH,QPRVWVWXGLHVWKHIHHGUDWHYDULDWLRQLVQRWMXVWLILHGWKLVLVRQHRIWKHDLPVRIWKLVSDSHU%HVLGHV
WKHUHDUHQRRWKHUVWXGLHVZKLFKQXPHULFDOO\H[DPLQHDQGDQDO\]HWKHWRROWUDMHFWRU\LQIOXHQFHLQ&$0
XSRQWKH+60PDFKLQHIHHGUDWHIRUWKHSRFNHWVKROORZLQJRXW

,Q WKLV DUWLFOHZH SUHVHQW D IHHG UDWH FDOFXODWLRQG\QDPLFPRGHO DFFRUGLQJ WR WKH WRRO WUDMHFWRU\7KLV
PRGHOLQJLQFOXGHVWKHMHUNWKHDFFHOHUDWLRQDQGWKHLQWHUSRODWLRQF\FOHWLPH7KHQZHVLPXODWHWKHIHHG
UDWHIRUDSRFNHWKROORZLQJRXWDQGIRUDFRPSOH[SDUWPDFKLQLQJZLWKWKH'6LHPHQVFRQWUROOHU,Q
WKHILUVWSDUWWKHG\QDPLFPRGHOVGHYHORSPHQWRIERWKWKHD[LVDQGFRQWUROOHUSHUPLWVWREHWWHUH[SUHVV
WKHUHDOEHKDYLRURIWKH+60WRROPDFKLQH,QWKHVHFRQGSDUWWKHH[SORLWDWLRQRIWKHPRGHOLQJIRUWKH
UHDOPDFKLQLQJIHHGUDWHVLPXODWLRQLVUHDOL]HGLQWKHFDVHRIWZRSDUWVRIGLIIHUHQWVKDSHV

2. The Tool-Machine NC dynamic Modeling in HSM 

1&8EHKDYLRUPRGHOLQJ
     2.1.1. Tool path modeling by arc of circle 
,Q&$0WKHWRROSDWK&ILJXUHDSUHVHQWVVKDUSDQJOHVZKLOHFKDQJLQJGLUHFWLRQ7KH1&8LQWHJUDWHV
FRQQHFWLQJDUFVRI5MUDGLXVLQILJXUHFLQRUGHUWRDYRLGDYLROHQWGHFHOHUDWLRQ:HREWDLQWKHQWKHPRGLILHGWUDMHFWRU\&ZLWKFRQWLQXLW\LQWDQJHQF\ILJXUHE
 
Figure 1. a) Tangential discontinuity. b) Connecting with arcs of circle. 
c) Trajectory modeling by arc of circle (Dugas, 2002). 
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     2.1.2.   Static Look Ahead  
7KH +60PDFKLQHV KDYH DW LWV GLVSRVDO WKH LQWHUSRODWLRQ D[LV ; < DQG = DQG WKH 1&8 ZKLFK DUH
GLIIHUHQWDW WKH OHYHORI WKHLUG\QDPLFFDSDFLWLHV7KLV LV WKHRULJLQRI WKH VWDWLF ORRNDKHDGFDOFXODWLRQ
ILJXUH


 
Figure 2. Static look ahead calculation (Tapis et al., 2006)  
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 7KHVWDWLFORRNDKHDGZHOOGHVFULEHVWKHPDFKLQHG\QDPLFEHKDYLRUEXWWKLVIHHGUDWHFDOFXODWLRQLVGRQH
LQ FRVWXPH WLPH IRU WKH UXQQLQJ EORFN XQDZDUH RI WKH IROORZLQJ EORFN YLROHQW GHFHOHUDWLRQ LQ ROG
PDFKLQHV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

     2.1.3. Dynamic look ahead 
7KDQNVWRWKHNQRZOHGJHRIWKHQH[WEORFNVWKHG\QDPLFORRNDKHDGSHUPLWVWRDQWLFLSDWHLQVSHHGDQGLQ
DFFHOHUDWLRQ7KHQZHPXVWLQWHJUDWHWKHFDOFXODWLRQPRGHORIWKHDFFHOHUDWLRQDQGGHFHOHUDWLRQGLVWDQFH

Ø Calculation model of the acceleration and deceleration distance  

)RUDEORFNLWKHPRGHORIWKHGLVWDQFHVGDFFDQGGGHFLVWKHIROORZLQJ
( )     DFF F\G L 9I L 9I L W= - - ´ 
( )     GHF F\G L 9I L 9I L W= - + ´ 

3. HSM machining simulation   
0DFKLQLQJVLPXODWLRQRIDFRPSOH[VKDSHWHVWSRFNHW
3.1.1. Pocket definition and tool path simulation 
$WUDMHFWRU\SURSRVHGE\&KHULIILJXUHD0(+',KDVEHHQWHVWHGRQD+60PDFKLQLQJFHQWHU
,87RI1DQWHV +(50/(&8 D[LV +(1'(1+$,171& $FFHOHUDWLRQ PVð IRU WZR
SURJUDPPHGIHHGUDWHVIURPPPLQWRPPLQ7KHWHVWVKDYHSHUPLWWHGWRUHFRUGWKHUHDOIHHGUDWH
GXULQJWKHWLPH$FRQIURQWDWLRQEHWZHHQWKHVLPXODWLRQUHVXOWVDQGWKHH[SHULPHQWDORQHVZLOOEHUHDOL]HG
LQRUGHUWRYDOLGDWHWKHGHYHORSHGVLPXODWLRQPRGHO

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Figure 3 a) Tested trajectory (MEHDI, 2000). b) Pocket obtained by Mastercam©.  
c) Tool path simulated with Matlab©. d) Modified tool trajectory.
3.1.2. Real feed rate simulation
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Ø Calculation of the Static Look Ahead type on the trajectory
7KH LQWHJUDWLRQRI WKHG\QDPLFEHKDYLRU LQ WKH VLPXODWLRQ LV FDUULHGRXW E\ WKH FDOFXODWLRQRI WKH W\SH
VWDWLF/RRN$KHDG7KHWRROIHHGUDWHSURILOHLQIOXHQFHGE\WKH+60+HUPOHPDFKLQLQJFHQWHUFDSDFLW\
RID[LVGLVFRQWLQXLWLHV LV VLPXODWHGXQGHU0DWODE7KLVVLPXODWLRQFRUUHVSRQGVWR WKH&$0SRFNHW
PDFKLQLQJIRUWKHSURJUDPPHGVSHHGPPLQILJXUH

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Figure 4. Simulated feed rate profile (Static Look Ahead) on the whole pocket. 

7KHVWDWLFORRNDKHDGGHVFULEHVWKHPDFKLQHG\QDPLFEHKDYLRU7KLVLVYLVLEOHLQWKHGLIIHUHQFHEHWZHHQ
WKHSURJUDPPHGDQGWKHUHDOIHHGUDWH7KLVGLIIHUHQFHZLOOEHPRUHREYLRXVDQGZLOOEHH[DPLQHGLQWKH
IHHGUDWHSURILOHJHQHUDWHGZLWKWKHG\QDPLFORRNDKHDG

Ø Calculation of the Dynamic Look Ahead type on the trajectory
:LWK WKH DQWLFLSDWLRQZH FDQ DYRLG WKH RYHUWDNLQJ FDXVHG E\ WKH YLROHQW GHFHOHUDWLRQV 7KH IHHG UDWH
SURILOH VLPXODWHGZLWK WKH G\QDPLF ORRN DKHDG DQG WKH SDUDPHWHUV RI+60PDFKLQLQJ FHQWHU+HUPOH
&8D[LV MHUN PV RQ WKH WUDMHFWRU\$%&'()* ILJXUHF LV VKRZQ LQ ILJXUHD7KHQD
FRPSDULVRQZLWK WKHH[SHULPHQWDOVWDWHPHQWILJXUHE IRUWKHVDPH WUDMHFWRU\ WHVWHGRQWKH+600&
+HUPOHLVUHDOL]HGZLWKWKHVDPHSURJUDPPHGIHHGUDWHPPLQ

Figure 5. a) Real feed rate profile simulated with the dynamic look ahead on the trajectory 
ABCDEFG. b) Feed rate profile recorded experimentally (MEHDI, 2000). 
7KHVSHHGSURILOHVLPXODWHGILJXUHDRQWKHWHVWWUDMHFWRU\ILJXUHFLVYHU\QHDURIHUURUWRWKH
SURILOHRIWKHH[SHULPHQWDOVWDWHPHQWILJXUHE:HQRWLFHWKHLQIOXHQFHRIWKHDQWLFLSDWLRQRQWKHVSHHG
SURILOH LQFRPSDULVRQ WR WKDWRI WKH VWDWLF ORRNDKHDG7KHGHFHOHUDWLRQVDUHNQRZQ LQDGYDQFHDQGDUH
FDUULHGRXWRQWKHFXUUHQWEORFNV7KDWUHDOO\GHVFULEHVWKHUHFHQW+60G\QDPLFPDFKLQHVEHKDYLRU7KH
FRQWUROOHU LPSRVHV WKHVH OLPLWDWLRQVDFFRUGLQJ WR WKH+60PDFKLQH D[LV FKDUDFWHULVWLFV DQGPDLQO\ WKH
PD[LPDOMHUN
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     3.2.1. Part definition and tool path simulation 
:H KDYH GHYHORSHG WKH VLPXODWLRQ RI WKH WRRO WUDMHFWRU\ DQG RI WKH PDFKLQLQJ IHHG UDWH LQ OLQHDU
LQWHUSRODWLRQ * RI D SLHFH KDYLQJ WZR FXUYDWXUHV RQH FRQYH[ DQG RQH FRQFDYH 7KXV ZH KDYH
VXFFHHGHGLQFRQIURQWLQJWKHH[SHULPHQWDOUHVXOWVUHFRUGHGE\WKH&0$2WHDP(1,7)UDQFHLQWHUPVRI
VSHHGSURILOHVIROORZLQJ;DQG=WRYDOLGDWHRXUVLPXODWLRQPRGHO7KHPDFKLQLQJLVFDUULHGRXWRQWKH
D[LV +60+XURQ .;PDFKLQH ZLWK 1&8 VLHPHQV ' 7KH WRRO SDWK ILUVW SDVV RI JR DQG EDFN
WUDMHFWRU\LVVLPXODWHGLQWKHILJXUH
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Figure 6. a) The drawing of a part definition. b) Virtual piece obtained by Mastercam©.
c) A go and back simulated trajectory. 
 
3.2.2. Feed rate profile simulation and validation with the experimental result  
Ø Integrated arcs of circle model with compaction (C
1
trajectory) 
7KHIHHGUDWHSURILOHJHQHUDWLRQLQOLQHDULQWHUSRODWLRQRQ0DWODESDVVHVWKHQE\WKHG\QDPLFPRGHOLQJ
RI WKH 1&8 RI WKH +60 PDFKLQH 2QH RI WKH FURVVLQJ PRGHOV RI WDQJHQWLDO GLVFRQWLQXLWLHV LV WKH
LQWHJUDWLRQ RI DUFV EHWZHHQ WZR OLQHDU EORFNV 6LQFH WKH ZKROH SDUW PDFKLQLQJ WUDMHFWRU\ LV LQ OLQHDU
LQWHUSRODWLRQZHDGRSWWKLVPRGHOWRHVWLPDWHWKH1&8EHKDYLRUEDGO\PDVWHUHGGXULQJ WKHSDVVDJHRI
WKH WDQJHQWLDOGLVFRQWLQXLWLHV%HVLGHV WKH1&8DFKLHYHV WKHEORFNVFRPSDFWLRQRI VPDOOEORFNV LQWR
PPVHJPHQWV$IWHUZDUGVZHDUHJRLQJWRVLPXODWHWKHIHHGUDWHSURILOHDQGFRPSDUHLWZLWKWKDWRIWKH
H[SHULPHQWDOVWDWHPHQW
Ø Feed rate profile  
)LJXUHSUHVHQWV WKH VLPXODWHGDQG WKHPHDVXUHG IHHG UDWHSURILOHV 7KH H[SHULPHQWDO VWDWHPHQW VSHHG
SURILOHIRUWKH+XURQ.;LVPHDVXUHGIRUDVHWVSHHGRIPPLQ
c)
%
b)
a)
%

Figure 7. Feed rate profile simulated and measured on Machine. 
Ø Comparison of the simulation result and the experimental statement  
:HKDYHVLPXODWHGDVSHHGSURILOHE\WKHDUFVRIFLUFOHLQWHJUDWLRQPRGHOZLWKFRPSDFWLRQ7KLVSURILOH
LVYHU\QHDURIHUURUWKHH[SHULPHQWDOVWDWHPHQWSURILOH%XWWKHUHDUHVRPHGLIIHUHQFHVFDXVHGE\D
VOLJKW WUDMHFWRU\ GLVFUHWL]DWLRQ+HQFHZH QRWLFH WKDW WKH FRPSDFWLRQ KDV FRQVHUYHG DPRUH LPSRUWDQW
YDOXH RI WKH IHHG UDWH )RU LW FRQVLVWV LQ FRPSDFWLQJ WKH EORFNV RI VPDOO VHJPHQWVZKLFK SURYRNH WKH
VORZLQJGRZQRIWKHPDFKLQHLPSRVHGE\WKHLQWHUSRODWLRQF\FOHWLPHWF\,IZHKDYHOHVVFRPSDFWLRQZHZLOOJHWPRUHVORZLQJGRZQDQGFRQVHTXHQWO\DJUHDWHUPDFKLQLQJWLPH
4. Conclusion 
,QWKLVDUWLFOHZHKDYHEHHQLQWHUHVWHGLQPDFKLQLQJVLPXODWLRQRIDSRFNHWDQGRIDFRPSOH[SURILOH7KH
REMHFWLYH LV WR LQWURGXFH WKH G\QDPLF PRGHOLQJ RI WKH +60 PDFKLQH LQ WKH VLPXODWLRQ RI D JLYHQ
WUDMHFWRU\,QDILUVWVWHSZHKDYHGHWDLOHGWKH+60PDFKLQLQJFHQWHUG\QDPLFPRGHOLQJ7KHQZHKDYH
H[SODLQHG WKH SDVVDJH RI WKH&$0PRGHO WRZDUGV QXPHULFDO VLPXODWLRQ VRIWZDUH SDVVLQJ WKURXJK WKH
PRGHOLQJ,QDVHFRQGVWHSZHKDYHVLPXODWHGWKHUHDOIHHGUDWHRIDSRFNHWKROORZLQJRXW,QWKHVHFRQG
SDUWZHKDYHEHHQLQWHUHVWHGLQWKHIHHGUDWHVLPXODWLRQRIDFRPSOH[SDUWPDFKLQLQJLQRUGHUWRVKRZ
WKHDQWLFLSDWLRQ LQIOXHQFHZLWKFRPSDFWLRQ:HKDYHGLVFRYHUHGWKDW WKHVSHHGLVYDULDEOHDFFRUGLQJ WR
WKHVKDSHWREHPDFKLQHGDQGWKHDQWLFLSDWLRQNHHSVDPRUHLPSRUWDQWVSHHGHYROXWLRQ$IWHUZDUGVZH
FRPHWRWKHFRQFOXVLRQWKDWWKHVLPXODWLRQWRROZKLFKSHUPLWVWRJLYHYDOXHVYHU\QHDUWKHUHDOLW\£ 
RI HUURUV IRU WKHSRFNHW KROORZLQJRXW DQG IRU WKH FRPSOH[ SDUWPDFKLQLQJ7KH UHDO IHHG UDWH SURILOH
LQGLFDWHVWKDWVHYHUDOSDUDPHWHUVPXVWEHSXW LQWRHYLGHQFHWRRSWLPL]H WKH FRPSOH[VKDSHVPDFKLQLQJ
+HQFH LQRUGHUWRPDNHDQRSWLPDOFKRLFHRIDPDFKLQLQJVWUDWHJ\DOOZHKDYHWRGRLV WRDQDO\]HWKH
GLIIHUHQWFULWLFDOFULWHULD
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